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MoCvaCon	  
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5G	  Infrastructure	  Public-‐Private	  Partnership	  (h]p://5g-‐ppp.eu/	  )	  

Current	  Status	  of	  Wireless	  Networks	  
•  Increasing	  number	  of	  terminals	  
•  Increasing	  data	  rate	  demands	  	  
•  Constant	  (or	  decreasing)	  radio	  resources	  

More	  efficient	  network	  
architectures	  are	  
required	  
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An	  OpCon:	  Network	  Coding	  (1/3)	  
•  ConvenConal	  communicaCon	  systems:	  

– Network	  nodes	  funcCon	  independently	  
•  RouCng,	  error	  control	  coding	  and	  data	  storage	  have	  been	  
designed	  in	  accordance	  with	  this	  independency	  principle	  	  

•  Data	  flow	  rates	  form	  source	  nodes	  to	  
desCnaCon	  nodes	  in	  a	  network	  can	  be	  increased	  
by	  transmicng	  combinaCons	  of	  data	  [1]	  

•  Stemming	  from	  the	  early	  works	  of	  in	  the	  form	  of	  
mulC-‐level	  diversity	  [2]	  
[1]	  R.	  Ahlswede,	  N.	  Cai,	  S.-‐Y.	  Li,	  and	  R.	  Yeung,	  “Network	  informaCon	  flow,”	  IEEE	  Trans.	  
Inf.	  Theory,	  vol.	  46,	  no.	  4,	  pp.	  1204–1216,	  July	  2000.	  
[2]R.	  Yeung,	  “MulClevel	  diversity	  coding	  with	  distorCon,”	  InformaCon	  Theory,	  IEEE	  
TransacCons	  on,	  vol.	  41,	  no.	  2,	  pp.	  412–422,	  Mar	  1995.	  
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An	  OpCon:	  Network	  Coding	  (2/3)	  
•  Example:	  Two	  way	  relay	  channel	  

•  RouCng	  soluCon:	  	  
–  Total	  Transmission	  Time:	  4T	  	  

•  Network	  coding	  soluCon	  
–  Total	  Transmission	  Time:	  3T	  	  

•  Physical	  layer	  network	  coding	  
–  Total	  Transmission	  Time:	  2T	  	  
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An	  OpCon:	  Network	  Coding	  (2/3)	  
•  Generalized	  set-‐up:	  

1.	  BROADCAST	  PHASE	  
Source	  nodes	  transmit	  
informaCon	  symbols	  in	  N	  
orthogonal	  resource	  block	  
(Cme	  slots	  or	  frequency	  
channels)	  during	  the	  mulCple	  
access	  phase	  (solid	  black	  
lines)	  to	  relay	  nodes.	  	  

2.	  	  RELAYING	  PHASE	  
N	  relay	  nodes	  perform	  
network	  coding	  on	  the	  M	  
esCmated	  symbols	  and	  
transmit	  in	  N	  resource	  blocks	  
in	  the	  to	  desCnaCon	  	  
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ALCOMA	  15	  -‐	  19/03/15	  

The	  majority	  of	  the	  literature	  on	  network	  
coding	  targets	  wired	  networks	  

(or	  applicaCon	  layer	  deployments	  )	  

AssumpCon:	  no	  erroneous	  transmissions	  

What	  about	  error	  
propagaCon?	  
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Main	  Idea	  

Wired	  Network	  Coding	  	  ≠	  Wireless	  Network	  Coding	  
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1.  Fading	  channels	  	  
2.  Direct	  source-‐desCnaCon	  links	  

–  CooperaCve	  Diversity	  
–  Detector	  Design	  	  
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CooperaCve	  
Networking	  

Network	  
Coding	  
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Network	  Coded	  CooperaCon	  
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CooperaCve	  Networking	  (1/2)	  

Goal:	  To	  significantly	  improve	  the	  error	  
performance	  of	  the	  system.	  
	  
1.  Broadcast	  Phase:	  

As	  source	  node	  transmits,	  the	  overhearing	  relay	  
nodes	  can	  repeat	  the	  received	  signals	  

2.  Relaying	  Phase	  
The	  desCnaCon	  can	  combine	  all	  received	  copies	  of	  
the	  informaCon	  signal	  
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CooperaCve	  Networking	  (2/2)	  

•  CooperaCve	  
networking	  techniques	  
can	  help	  us	  exploit	  
spa%al	  diversity	  	  
–  hence	  combat	  the	  
performance	  
degrading	  effects	  of	  
the	  wireless	  fading	  
channels.	  

•  Makes	  use	  of	  the	  
broadcast	  nature	  of	  
the	  wireless	  channel,	  
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Network	  Coded	  CooperaCon	  
•  Combining	  network	  
coding	  and	  cooperaCve	  
networking	  

•  Can	  exploit	  the	  intrinsic	  
characterisCcs	  of	  
wireless	  networks	  to	  
improve	  	  
–  Throughput	  
–  Robustness.	  	  

•  Based	  on	  the	  preliminary	  
works	  of	  Chen,	  Kishore	  
and	  Li	  in	  [3].	  	  

ALCOMA	  15	  -‐	  19/03/15	  
[3]	  Y.	  Chen,	  S.	  Kishore,	  and	  J.	  Li,	  “Wireless	  diversity	  through	  network	  coding,”	  WCNC	  2006	  
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What’s	  Fading?	  
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	  Measurement	  Based	  Evidence	  
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Wireless	  Channels	  

ALCOMA	  15	  -‐	  19/03/15	  

1.	  Path	  Loss:	  Based	  on	  distance	  
between	  transmi]er	  and	  receiver	  

2.	  Large	  scale	  fading:	  
Shadowing	  and	  obstrucCons	  

3.	  Small	  scale	  fading:	  
mulCpath	  propagaCon	  
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Wireless	  Channel	  Models	  (1/2)	  

Modulator	   Channel	   Demodulator	  
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Symbols	   Signals	   Signals	   Symbols	  

Performance	  Metrics:	  	  
Outage	  probability	  
Symbol	  error	  rate	  

Fading	  Channel	   AddiCve	  white	  Gaussian	  noise	  (AWGN)	  
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CooperaCve	  
Networking	  

Network	  
Coding	  
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Network	  Coded	  CooperaCon	  

+	  Wireless	  Channels	  
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Impact	  #1:	  Error/Outage	  Rates	  
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Communication on Flat Fading Channels

Signaling Through Slow Flat Fading Channels

⋄ We assume that the long-term variations in the channel are absorbed into Em. Then Em represents the
average received symbol energy (for symbol m) over the time frame for which the multipath profile may be
assumed to be constant. Then the received signal is given by:

y(t) = E(t)s(t) + w(t) = β(t)ejφ(t)s(t) + w(t) (1)

where E[β2(t)] = 1.

⋄ For slow fading, β(t) and φ(t) may be assumed to be constant over each symbol period. Thus, for memo-
rlyless modulation and symbol-by-symbol demodulation, y(t) for demodulation over symbol period [0, Ts]
may be written as

y(t) = βejφsm(t) + w(t) (conditioned on symbol m being transmitted) (2)

Average probability of error for slow, flat fading

⋄ The error probability is a function of the received signal-to-noise ratio (SNR), i.e., the received symbol
energy divided by the noise power spectral density. We denote the symbol SNR by γs, and the corresponding
bit SNR by γb, where γb = γ/ν and ν = log2 M .

⋄ For slow, flat fading, the received SNR is

γs =
β2Es

N0
. (3)

The average SNR (averaging over β2) is given by

γs = E[β2]
Es

N0
=

Es

N0
. (4)

The corresponding bit SNR’s are given by

γb =
γ

ν
, and γb =

Es

N0ν
=

Eb

N0
. (5)

⋄ Suppose the symbol error probability with SNR γs is denoted by Pe(γs). Then the average error probability
(averaged over the fading) is

Pe =
∫ ∞

0
Pe(x)pγs(x)dx (6)

where pγs(x) is the pdf of γs.

⋄ For Rayleigh fading, β2 is exponential with mean 1; hence γs is exponential with mean γs, i.e.,

pγs(x) =
1
γs

exp
[
− x

γs

]
11{x≥0} . (7)

c⃝V. V. Veeravalli, 2007 1
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Impact	  #2:	  Source-‐DesCnaCon	  Links	  

Global	  	  
Encoding	  
Matrix	  
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Combined	  Impacts:	  

ALCOMA	  15	  -‐	  19/03/15	  
Each	  link	  has	  a	  nonzero	  error/erasure	  probability	  
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Example:	  4	  source	  nodes,	  4	  relay	  
nodes,	  broadcast	  transmission	  (1/3)	  
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Example:	  4	  source	  nodes,	  4	  relay	  
nodes,	  broadcast	  transmission	  (2/3)	  

•  CooperaCve	  Random	  Network	  Coding	  
•  Relay	  applies	  random	  linear	  network	  code	  [4]	  

– Each	  relay	  randomly	  selects	  a	  coefficient	  from	  a	  
finite	  field	  with	  q	  	  elements	  	  for	  the	  data	  received	  
from	  a	  source.	  	  

•  Erasure	  model	  is	  assumed	  
•  Rank	  based	  detector	  is	  employed	  
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[4]	  T.	  Ho,	  M.	  Medard,	  R.	  Koe]er,	  D.	  Karger,	  M.	  Effros,	  J.	  Shi,	  and	  B.	  Leong,	  “A	  random	  
linear	  network	  coding	  approach	  to	  mulCcast,”	  IEEE	  Trans.	  Inf.	  Theory,	  vol.	  52,	  no.	  10,	  pp.	  
4413-‐4430,	  Oct.	  2006.	  



Example:	  4	  source	  nodes,	  4	  relay	  
nodes,	  broadcast	  transmission	  (3/3)	  
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Extension	  to	  	  OFDMA	  (1/2)	  
•  The	  number	  of	  

coherence	  
bandwidths:	  4	  

•  The	  number	  of	  
subcarriers:	  128	  	  

•  The	  	  number	  of	  
source	  nodes:	  8	  

•  The	  number	  of	  
relays:	  2	  
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[5]	  A.	  Heidarpour	  ,	  G.	  Karabulut	  Kurt,	  M.	  Uysal,	  ’Diversity-‐MulCplexing	  Tradeoff	  for	  
Network	  Coded	  CooperaCve	  OFDMA	  Systems’	  accepted	  for	  publicaCon,	  ICC	  2015	  
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Extension	  to	  	  OFDMA	  (2/2)	  
•  The	  number	  of	  

coherence	  
bandwidths:	  4	  

•  The	  number	  of	  
subcarriers:	  128	  

•  Transmission	  rate:
0.5	  

•  The	  number	  of	  
relays:	  2	  
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[5]	  A.	  Heidarpour	  ,	  G.	  Karabulut	  Kurt,	  M.	  Uysal,	  ’Diversity-‐MulCplexing	  Tradeoff	  for	  
Network	  Coded	  CooperaCve	  OFDMA	  Systems’	  accepted	  for	  publicaCon,	  ICC	  2015	  
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Testbed	  Deployment	  (1/2)	  

OFDMA	  based	  Transmi]ers	  	  
Network	  Coding	  at	  Relay	  Node	   ALCOMA	  15	  -‐	  19/03/15	   25	  



Broadcast	  Phase	  
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Frame	  Structure	  
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Relaying	  Phase	  &	  NCC	  
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Receivers	  at	  DesCnaCon	  Nodes	  
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Another	  commonly	  used	  simplifying	  assumpCon:	  
The	  availability	  of	  the	  ideal	  channel	  state	  informaCon	  (CSI)	  	  
Measured	  by	  using	  a	  limited	  number	  of	  pilot	  channels	  CSI	  may	  not	  always	  
be	  ideal	  (every	  8th	  subcarrier	  in	  this	  test	  set-‐up).	  	  



Test	  Results	  
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Direct	  Link	  
N
CC	  



Future	  Work	  

•  Impact	  of	  the	  Selected	  Network	  Code	  &	  
ConstellaCon	  Shape	  

•  Further	  Physical	  Layer	  Related	  Problems:	  
– Resource	  allocaCon	  (power/frequency/Cme)	  
– Channel	  esCmaCon	  
– SynchronizaCon	  
– MulCrate	  modulaCons	  
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Conclusions	  

•  For	  pracCcal	  applicability	   the	   impact	  of	   the	  
wireless	   channel	   needs	   to	   be	   considered	  	  
èCooperaCve	  network	  coding	  systems	  

– Non-‐zero	  error/erasure	  rates	  
– Direct	  source	  desCnaCon	  links	  
– Nonideal	  esCmaCon	  characterisCcs	  
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Thank	  you	  for	  your	  a]enCon	  

	  

•  gkurt@itu.edu.tr	  	  
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Wireless	  Channel	  Models	  (2/2)	  

Determinis%c	  

Sta%s%cal	  

Geometry	  
Based	  
Models	  
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Determinis%c	  
Deterministic Channel Models 

Solutions of Maxwell’s wave equations   

q   Ray-tracing and Site Specific (SISP) 

Sta%s%cal	  

Statistical Channel Models 

Modeling the amplitude (phase) of the impulse 

response of a channel with a probability 

distribution functions   
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Log-‐distance	  path	  loss	  	  	  

Average	  Path	  Loss:	  
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Environment	   Path	  loss	  exponent	  

Free	  space	   2	  

Urban	  Environment	   2.7	  –	  3.5	  

Shadowed	  Urban	  
Environment	  

3	  -‐5	  

Indoor	  line	  of	  sight	  (LoS)	   1.6	  –	  1.8	  

Obstructed	  Indoor	  	   4	  -‐6	  

Received	  signal	  strength	  decreases	  logarithmically	  with	  
increasing	  distance	  (verified	  by	  both	  theoreCcal	  and	  empirical	  
results.)	  	  

Empirical	  Models:	  

q  Okumura:	  Urban	  macrocell	  1-‐100km,	  0.15-‐1.5GHz,	  BS	  antenna	  height	  30-‐100m	  

q  Hata:	  ~Simplified	  Okumura	  Model	  

q  COST	  231:	  Hata	  model	  extended	  to	  2GHz	  
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Lognormal	  Shadowing	  
(Large-‐scale	  fading)	  
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Central	  limit	  theorem	  

Lognormal	  distribuCon	   Normal	  distribuCon	  
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Lognormal	  Mixture	  Model	  	  
(Large	  Scale	  Fading)	  

	  Weighted	  mixture	  of	  lognormal	  shadowing	  

ALCOMA	  15	  -‐	  19/03/15	  

[4]	  S.	  Buyukcorak,	  M.	  Vural,	  and	  G.	  Karabulut	  Kurt,	  “Lognormal	  
Mixture	  Shadowing,”	  IEEE	  TransacCons	  on	  Vehicular	  Technology,	  
accepted	  for	  PublicaCon	  
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Lognormal	  Mixture	  Model	  	  
(Large	  Scale	  Fading	  &	  Composite	  Fading)	  
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Small-‐scale	  Fading	  Models	  (1)	  
q Rayleigh	  DistribuCon	  (NLoS)	  

§  Amplitude	  	  

	  	  

	  

q Ricean	  DistribuCon	  (LoS)	  







I0:	  Zeroth	  order	  modified	  Bessel	  funcCon	  
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Small-‐scale	  Fading	  Models	  (2)	  
q Nakagami	  DistribuCon	  

	  

k=1	  Nakagami=Rayleigh	  

q Weibull	  DistribuCon	  
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Composite	  Channel	  Models	  	  
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Lognormal	  

Rayleigh	  

Large	  Scale	  
Fading	  

Small	  Scale	  
Fading	  

Gamma	  

Rayleigh	  

Inverse	  
Gaussian	  

Rayleigh	  

Gamma	  

Weibull	  
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SimulaCon	  Results	  

•  Binary	  phase	  shiz	  keying	  (BPSK)	  modulated	  
transmission	  	  

•  Rayleigh	  Fading	  +	  AWGN	  
•  Two	  source	  nodes	  and	  a	  relay	  node	  
•  Network	  coding	  @	  relay	  node	  
•  (almost)	  Maximum	  likelihood	  detecCon	  at	  
desCnaCon	  
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SimulaCon	  Results	  
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